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Abstract
The São Francisco River Basin in Brazil’s Northeast region suffered from a serious
multi-year drought, which started in 2012. This drought was characterized by long
periods of water stress, variability and unpredictability of levels and flows of rivers
and reservoirs, decreases in hydropower generation, and rising of conflicts between
agricultural and electrical sectors. Besides, the electricity sector faced a crisis due
to its dependency on hydroelectricity generation. Applying a Multi-Criteria Decision
Analysis (MCDA) can contribute to resolve such conflicts. Particular challenges are
establishing transparent rules for water level management at the dams and secur-
ing electricity supply. Ultimately, identifying options to invest in sustainable power
sources may positively impact the regional electricity matrix. We used Soft Systems
Methodology to structure the decision-making context and set the main objectives to
be considered in the MCDA. Different scenarios of reservoir management were simu-
lated using the Soil andWater IntegratedModel and Incomplete Pairwise Comparison,
while bibliographic research and expert interviews led to the selection of indicators for
structuring the MCDA. We present projections for hydropower generation and meet-
ing of water demands of further users, based on two climate change projections. The
driest scenario shows a reduction in hydropower generation, indicating the necessity
to reconfigure the composition of electricity sources, considering economic, techni-
cal and social-environmental constraints. These elements of the structuring phase are
prerequisites for the evaluation phase of the MCDA.
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1 Introduction

The electricity sector performs an important role in the economic and social devel-
opment of a country [70]. It has the task of interacting with the environment and
sustainably using natural resources while making economic profits and absorbing
social consequences [48]. A simplistic model with a traditional approach and a single
criterion cannot capture the complexities of current energy systems [21]. The trend of
new governmental policies has been to introduce measures for energy efficiency and
implement tools to provide support for water governance and the use of renewable
and sustainable energy [1, 12, 13, 58]. Thus, the adoption of multi-criteria models
has been widely used in matters which involve electricity planning [14]. Amer and
Daim [5], for example, compared four types of technologies for renewable electricity
generation in Pakistan and results showed that wind power and biomass were the most
favorable. Garni et al. [25] and Kahraman et al. [33] studied Saudi Arabia and Turkey,
respectively, and highlighted the importance of solar and wind power in the strategic
planning of those countries. Luthra et al. [41] andWijayatunga et al. [78] used a multi-
criteria model to identify the main barriers in adopting renewable energies in India and
Sri Lanka, respectively. Cannemi et al. [15], Kambezidis et al. [34], Karatayev et al.
[35] and Shen et al. [71] used Multi-Criteria Decision Analysis (MCDA) to elabo-
rate policies for the development of sustainable energies in Italy, Greece, Kazakhstan
and Taiwan, respectively. Moreover, Koch et al. [37] highlighted expected benefits of
hydro- and wind power integrated energy systems in Brazil.

In Brazil’s Northeast (NE) hydropower generation is highly dependent on the São
Francisco River Basin, since 41% of the installed capacity is hydropower and 86%
of this installed capacity comes from the plants of Sobradinho, Itaparica, Complexo
Paulo Afonso and Xingó [51], located in the São Francisco River (Fig. 1). The NE
has around 28,950 MW of installed capacity distributed amongst hydropower, ther-
moelectric (biomass and fossil fuels), wind and solar energies (see Table 1).

In this context, the reservoirs are of major importance for electricity generation
and exert high pressures on other sectors that use water. Meteorological and following
hydrological droughts compel the reduction of flows into and downstreamof reservoirs
causing, among other consequences, non-compliance of environmental flows and neg-
ative impacts on life and work conditions of communities near the reservoirs. The Três
Marias, Sobradinho and Xingó Reservoirs have been enduring flow reductions since
2013. Três Marias’ official minimal flow was reduced from 500 to 150 m3/s [7], and
the Sobradinho and Xingó Reservoirs had their discharge gradually reduced during
the 5 years before 2018 (period in which this paper has been written) from 1300 to
600 m3/s [8]. Since 2012 electricity generation from hydraulic sources has declined
(Fig. 2), as has also been observed by Koch et al. [37], due to the hydrological drought
in the region. To compensate for the loss in hydropower generation there has been a
rise in thermal electricity generation. Besides, since 2013 wind power generation has
also been growing. According to the Brazilian Energy Decennial Plan 2024 [45] the
NE is the region with the largest potential for wind power generation.

Reservoir management is one of the main points discussed in the negotiation pro-
cess for water allocation among the different users of the São Francisco River Basin.
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Fig. 1 São Francisco River Basin, main reservoirs, users (large individual irrigation and aggregation of
smaller users)—and points of minimal flows used in the scenarios’ simulations

The conflicts caused by the reduction of discharges authorized by IBAMA,1 ANA2

and ONS3 for the electricity sector are more latent in the Sub-Middle and Lower
São Francisco [57]. Furthermore, CBHSF4 [17] highlights that the unpredictabil-
ity of reservoir discharges and vague communication destabilize fishing, navigation,
tourism, fish farming activities and life conditions of riverside communities. To resolve
these conflicts Silva [68],Garjulli [24], Ramina [57] andCBHSF [17] are unanimous in
underlining the necessity of reducing the dependency on the river basin for hydropower

1 IBAMA—Brazilian Institute of Environment and Renewable Natural Resources.
2 ANA—National Water Agency.
3 ONS—National Power System Operator.
4 CBHSF—São Francisco River Basin Committee.
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Table 1 Installed capacity of electric sources in Brazil’s Northeast region in 2017 (source: [51])

Electric sources Installed capacity (MW) %

Hydropower plants (>30 MW) 11,975.00 41.4

Wind power plants 8017.00 27.7

Thermoelectric plants—fossil fuels 7006.20 24.2

Thermoelectric plants—biomass 1830.67 6.3

Small hydropower plants (>5 MW,<30 MW) 105.50 0.4

Photovoltaic solar power plants 15.00 0.1

Total 28,949.37 100.0

Fig. 2 Electricity generation in Brazil’s Northeast. Source: ONS [51]

generation, investing in other sources of electricity generation and defining clear rules
for the reservoirs’ management. Another point which must be highlighted regarding
the electricity sector is that the NE is not self-sufficient in electricity generation, i.e.
the demand is usually higher than the generation and therefore it is necessary to import
electricity from other regions of the country.

The Brazilian Water Act prescribes to build consensus in favor of the management
of reservoirs for multiple purposes. ONS, CEMIG5 and CHESF,6 who are responsi-
ble for the management of the biggest reservoirs in the basin, are primarily aiming
at optimization of hydropower generation, and thus their actions are not fully coor-
dinated with the actions of ANA and CBHSF. Siegmund-Schultze et al. [66] present
the challenges of water governance in the basin and point out that shared responsibil-
ities are not clear due to administrative overlaps and that governmental agencies are
still not ready to share responsibilities. Therefore, water allocation remains a difficult
challenge for users.

5 CEMIG—Minas Gerais Energy Company.
6 CHESF—São Francisco Hydropower Company.
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Bridging the gap in the electricity generation of theNE, and the São Francisco River
Basin in particular, is at the center of a growing debate not only among academics
but also among stakeholders of the sector, society, and policy makers. Sustainable
development aims at using resources to satisfy current needs along with those of
future generations [77]. A sustainable water-energy system, for instance, in the São
Francisco River Basin, embodies also the concepts of self-sufficiency, electrical effi-
ciency, electricity saving and the expansion of renewable energy use. Furthermore, the
interactions between water and energy involve complex and multiple variables for the
management of reservoirs, practices of good water governance, and factors unleashed
by climate change which have even more intensified the difficulties in water sharing
among diverse users. A sustainable electricity system in a river basin context may
have the final objective of securing equilibrium between social, economic and envi-
ronmental activities which are related to water [2, 31]. According to the watershed
management plan [17] 76% of the granted flow in the basin is for agriculture; in addi-
tion, there was a 136% rise in irrigated areas between 2004 and 2013 and a rising
tendency in the future. Moreover, further pressure on the water resources comes from
the large water diversion project (São Francisco river transposition), whose opera-
tion was starting during the writing of this paper. Thus, practices that seek to reduce
water use conflicts and assure future electricity-generating reserves in the region are
increasingly important. Furthermore, these practices should be able to deal with water
scarcity and reduce the negative effects of using fossil fuels. It becomes clear that
the decision in favor of a sustainable water-energy system is an approach with multi-
ple objectives, sometimes in conflict with each other, due to the rising complexity of
social, technological and environmental dimensions and economic factors [2, 16, 33]
and is ultimately embedded in a wider societal context and nexus of resource use and
conservation [67].

Thus, a multi-criteria tool would be promising to support decisions capable of jus-
tifying choices in a clear and conscious way [16]. The aims of this paper are: (a)
structuring the problem, (b) simulating scenarios to support the selection of alterna-
tives, with a focus on the diverse management priorities of the reservoirs to reduce
conflicts, and eventually answering the following question: Will the Northeast’s elec-
tricity system be able to meet demand if the current drought scenario keeps happening
or persists?; and (c) defining criteria and sub-criteria to analyze the water-energy
sustainability of the river basin.

2 Materials andmethods

Taking into consideration that water management and hydropower generation are
linked, themethodology of this paper aims to support electricity planning through tools
which encourage good hydro-energetic governance. Multi-Criteria Decision Analysis
(MCDA) is one of the most frequently used models in the energy sector and in the
decision-making for the management of water [72]. The procedural steps to model
the MCDA are represented in Fig. 3. Essentially, the process is divided in two phases:
(1) the structuring phase (scenario generation) and (2) the phase of MCDA model
selection, application and results evaluation (scenario evaluation). This paper covers
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Fig. 3 Phases of MCDA, the steps in black are covered by this paper. Adapted from Ribeiro [60]

Problem 
context

Actors and their 
relations

Key definition of 
the system

Structuring 
the objective

Fig. 4 Phases in the structuring of the problem, leading to the identification of the objective

the phase of the model structuring, which includes the structuring of the objective, the
selection of relevant criteria and sub-criteria and the simulation of scenarios.

2.1 Objective structuring

During the last decades four methods of problem structuring have become particularly
known: (1) Strategic Options Development and Analysis (SODA), (2) Soft Systems
Methodology (SSM), (3) Strategic Choice Approach (SCA) and (4) Value-Focused
Thinking (VFT) [3]. We opted for the SSM as it is a straightforward method to clar-
ifying the problem context, identifying actors/stakeholders and their relations and
capturing the essence of the system (Fig. 4).

The rich picture is a diagram that depicts issues (such as problem context, actors and
their relationships) to visualize the complex situation from all its many perspectives
[3, 19, 42]. For this purpose, papers resulting from workshops and public consulta-
tions performed by the CBHSF in the entire river basin in 2015 and 2016 [17] were
consulted. The key definition is a short textual description that captures the nature of
the system, clarifies what is required to be addressed and identifies the system in which
the subsequent analysis will be done. The formulation of the key definitions of the
system is related to the mnemonic method CATWOE. CATWOE can be interpreted
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as Customer, Actor, Transformation, Worldview, Owner, and the Environment [46].
Almeida et al. [3] define the CATWOE elements as described below:

• Customers: who are the victims and/or beneficiaries of the system transformation?
• Actors: who will execute the activities for the system transformation?
• Transformation: which transformations will be performed through the activities?
• Worldview: perception or worldview, i.e. the reason to realize the transformation.
• Owner: who has the power to modify or stop the transformation?
• Environment: cultural, social, environmental or political restrictions which affect
the system.

The key definition of the system (CATWOEquestions)was done through interviews
with specialists who act directly on water resources management in the São Francisco
River Basin. For example, the technical director of the São Francisco River Basin
Agency was one of these interviewees. It was necessary to clarify for them which
were the elements of the analysis, such as: which system should be transformed (São
Francisco River Basin), the process through which the system is undergoing, and
what activities should be undertaken to transform the system. Subsequently, the final
questions were elaborated.

2.2 Identification of indicators

The methodology employed for the criteria and sub-criteria identification and the
participatory decision process was adapted from Cloquell-Ballester et al. [18]. Three
stages were used in the procedure of criteria and sub-criteria definition: (a) selec-
tion and pre-check of criteria and sub-criteria, (b) interviews with professionals and
scientists, and (c) aggregation of results (Fig. 5).

2.2.1 Selection and pre-check of criteria and sub-criteria

The criteria and sub-criteria selection stage started with a bibliographic review to
identify the indicators most frequently used for a multi-criteria approach in the hydro-
electric sector. The criteria and sub-criteria more widely used by actors cited in the
references were pre-selected according to the scheme shown in Fig. 5. The process
of pre-selection analyzed whether the criteria could be directly used for the proposed
objective, whether it would be necessary to adapt them or whether the creation of new
criteria not yet addressed for the specific case in discussion would be necessary.

2.2.2 Interviews with stakeholders/actors

The following questions guided the selection of stakeholders/actors for subsequent
administration of the interviews, as suggested by Almeida et al. [3]:

Stakeholders/actors and their needs:

I. Who are the decision-makers?
II. What are the roles of the stakeholders/actors in the problem context?
III. Which stakeholders are affected?
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Indicator

Does it exist?Direct use?

Adaptable?

Adapt New Design

Ranked?

Apply

YESYES

NO
NO

NO

YES

Technical criteria

Economic criteria

Environmental criteria

Social criteria

NO

YES

Fig. 5 Process of criteria and sub-criteria selection for MCDA. Adapted from Cloquell-Ballester et al. [18]

IV. Did the stakeholders/actors collaborate in previous situations?

Knowledge level:

I. How familiar with the problem context are the stakeholders/actors?
II. Which aspects of the problem context are stakeholders/actors aware of?
III. How will knowledge sources be obtained during the process?

Possibility to use support tools:

I. How much time and effort can group stakeholders/actors invest in the process?
II. Which methodological tools are best aligned with the needs and possibilities

(workshops, video conferences, online search forms, etc.)?

Presence of uncertainties:

I. How much is known about the different decision alternatives and their conse-
quences?

II. Can the uncertainties be reduced?

Applying the listed questions, 35 institutions were selected amongst private and
public companies in the electricity sector, institutions related to water and environ-
mentmanagement, aswell as universities. The aimwas to select the stakeholders/actors
from each institution who had direct relation and familiarity with each of the four main
groups of criteria: technical, economic, environmental and social. Around 100 stake-
holders/actors were pre-selected for interviewing, and 59 of them finally participated
(Table 2). The participants worked for the following companies, agencies and institu-
tions related to water and electricity management: Peixe Vivo Agency (AGP), ANA,
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Table 2 Summary of the
interviewed group

Criterion Number of respondents

Technical 22

Economic 14

Social 11

Environmental 12

Total 59

Pernambuco Agency forWater and Climate (APAC), CHESF, São Paulo Energy Com-
pany (CESP), Energy Research Company (EPE), Tietê Energy Generation Company
(AES), Energy Generation Company (EDP), Energy Metropolitan Company of São
Paulo (EMAE), Energy Generation Company ENGIEBrazil, Teles Pires Hydropower,
EnelGreen Power (EGP), State Institute of Environment andWaterResources ofBahia
(INEMA–BA), Light Energy, Neoenergia, ONS, Environment Secretary of Minas
Gerais and Pernambuco States (SEMA), Federal Universities (Minas Gerais, Bahia,
and Pernambuco states), and Santo Antônio Energy Company (SAE). It is important
to highlight that, due to the complexity and required level of knowledge, the selected
stakeholders/actors were all professionals who had direct relation with the electricity
sector. The other actors of the basin, such as water users and civil society, were not
consulted.

The interviewees represented views from the regional and the national scale. This
makes sense, since the electricity sector is organized in a National Integrated System
(SIN).7 The inquiries were made through personal interviews by video conference,
telephone and online forms. At the start of each interview a short introduction was
made about the aim of the research and the facilitator, and some questions were asked
to verify the level of knowledge of the interviewee with the problem and decisions
at stake. The interviews were conducted with 59 stakeholders, which were asked to
define their personal ranking of the sub-criteria (Appendix 1) to be used in structuring
the multi-criteria model in support of the electric sector planning.

2.2.3 Aggregation of results

The results of single interviewees’ responses were grouped. Forman and Peniwat [55]
presented two ways to aggregate the results of a decision-maker group. The method
Aggregation of Individual Judgments (AIJ) is used when individuals in a group act
in harmony and there is an agreement in the aggregation of individual judgments. In
this case the individual identities are lost in the process and the group behaves as a
new and unique individual. Another method considers a heterogeneous group, which
does not show agreement and common goals, making group consensus difficult. In this
case it is recommended to use Aggregation of Individual Priorities (AIP). Almeida
et al. [3] differentiate between two types of aggregation rule-making, one with the
participation of a supra-decision-maker who imposes aggregation rules and, when

7 SIN—Interconnection of electrical systems of all the regions in Brazil. It consists of four sub-systems:
South, Southeast/Central-West, Northeast, and North.
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appropriate, establishes the condition for the aggregationof the decision-makers group;
and a second, with a collaborative decision group which develops its own aggregation
rule. We opted to use the aggregation rule-making involving a supra-decision-maker,
i.e., the paper lead author.

The interviewees were assigned to four sub-groups in order to analyze the prefer-
ence for each technical, economic, environmental and social criterion separately; i.e.,
each decision-maker was assigned to a group according to his/her expertise and field
of work. Through search forms the order of relative importance of each criterion was
asked for the development of a MCDA model which could give support to strategic
decisions in the electricity sector. In this way, each sub-group appeared more homo-
geneous and therefore the grouping of judgments was harmonized and the sub-group
became a “new” individual acting as only one (AIJ method). Hence the individual
priorities of each decision-maker were not especially relevant. The ranking method-
ology employed was the Borda method [3, 49]. The Borda method consists in ranking
each sub-criterion of each decision-maker in a preference order, by assigning points
in such a way, that the sub-criterion of preference 1 obtains more points and the less
preferable criterion receives fewer points. Almeida et al. [3] suggest the adoption of
a parameterization assigning to the worst alternative (lesser preference) the value a,
to the second-worst the value a + b, to the third-worst a + 2b and so on. Hence the
ranking of results runs in decreasing order, that is, from the criterion with the most
points to the one with the fewest points. The method was chosen due to its simplicity
and robustness in application. For the ranking, the sum of points that each sub-criterion
obtained from all the decision-makers of the group was applied. Thereby, the result
is a combination of the judgments of the different interviewees in order to obtain, for
each sub-criterion, the most adequate final score for the multi-criteria model.

2.3 Development of scenarios and priority vectors

The development of scenarios is a widely used methodology, which is employed
to include uncertainties about possible future developments in decision making [43,
56]. Five scenarios for reservoir management based on the latent conflicts between
the electricity sector and the other sectors’ users were elaborated. The development of
these scenarios aimed to set up suitable alternatives to be used inMCDA.The scenarios
are further explored in Sect. 2.3.2. The simulated scenarios analyze the effects of
climate change between 2021 and 2050 on hydropower generation, water provision for
irrigation/supply (agriculture, domestic water supply, livestock and industrial supply;
and fishing and fish-farming), navigability of the São Francisco River and support
to the local ecosystem. The regional eco-hydrological model SWIM (Soil and Water
Integrated Model, [8]) was used. Some adaptations for the application of SWIM in
Brazil had already been undertaken earlier [6] since it was conceived to be applied in
some regions of Europe [29]. The calibration and validation of the model was carried
out for 18 gauges located in the basin, and reservoir management was implemented
in the model for eleven reservoirs. Overall, 58 water users were included. They were
large individual irrigation users or a mix of different users, i.e. aggregations of smaller
users. Twenty-nine of these users withdrew water from the São Francisco main river
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and the other 29 from tributary rivers (see Fig. 1). In the Upper São Francisco the
main water demands are for irrigation and industry; in the Sub-Middle and Lower São
Francisco the main use is for irrigation. To quantify monthly average water demand
of each user, data from ANA, IGAM,8 and CHESF were used. Furthermore, some
control points with minimal flows along the basin were defined (Fig. 1), based on data
from ONS [50]. These points limit and regulate users’ water withdrawal depending
on the priority setting in the scenario. The minimal flows of each control point and
scenario are detailed in Table 5 (Sect. 2.3.2).

Stakeholders evaluated the results returning to the developments and simulations
of the different scenarios (priority setting). To this end, a decisive method based on the
PairwiseComparisonmethodwas developed. In thismethod the process of alternatives
comparison can be modeled in a hierarchical structure [25]. According to Lombardi
et al. [40] the method may be divided in six stages: (1) objective definition, (2) elabo-
ration of hierarchical structure, (3) pairwise comparison of criteria and alternatives by
decision-makers using the Saaty scale [61, 62], (4) definition of comparison matrices
and their priorities vectors, (5) consistency analysis and (6) normalization of results.
The hierarchical method sketched before starts from the top with the objective of the
decision, which relates to the more adequate allocation of water in the São Francisco
RiverBasin according to users and stakeholders (Fig. 6). In the lowest level, the alterna-
tives belonging to the criteria social equity, environmental sustainability and economic
efficiency are shown [75]. They are based on the perspectives of water use presented
by UNESCO and are introduced [75] in accordance with the activities that exist in the
basin as presented in the recently updated São Francisco River Basin Management
Plan (PBHSF) [17]. As illustrated in Fig. 6, a hierarchy does not need to be complete;
an element in a certain level does not need to be used as an attribute for all the levels
below [61]. When this occurs, the hierarchical structure is called “incomplete” and
may be divided into sub-hierarchies, which only have one criterion in common at the
top [64]. In this case the process is called Incomplete Pairwise Comparison [28] and
it is also used to reduce the number of comparisons, since a structure that contains
many alternatives requires several comparisons. In the example described in this paper
the relative importance was analyzed only among alternatives A1–A4 concerning the
social criterion, alternatives A5–A8 for the economic criterion and alternatives A9 and
A10 with reference to the environmental criterion. Therefore, there were no compar-
isons, for instance, between alternative A1 of the social criterion and alternative A7 of
the economic criterion. It was accepted that the understanding of the water allocation
priority using Incomplete Pairwise Comparison would save substantial time and the
objective would be achieved in the same way as using Complete Pairwise Comparison
[28].

In the development of comparison matrices, each element of a superior level is
used to compare the elements in the level immediately below it. Criteria are com-
pared among themselves, by the degree of importance in achieving the goal. That is,
four matrices were calculated in order to find the priority vectors among the criteria,
and the priority vectors among the alternatives for each criterion separately. Table 3
presents the matrix “Criteria vs. Goal” (Cij) which shows the judgments among the

8 IGAM—Water Management Institute from Minas Gerais.

123



574 C. B. Souza Júnior et al.

Cr
it

er
ia

G
oa

l
A

lte
rn

at
iv

es

Equitable water 
allocation

C1: Social - promote 
essential needs and 

equitable use

C2: Economic -
Maximize economic 
value of production

C3: Environmental-
Maintain ecologic 

health

A1
Drinking water 

(domestic 
supply)

A2

Water for 
sanitation 

A3
Food security

(food 
sovereignty)

A4 
Recreational 
and touristic 

activities

A5
Agriculture 

and livestock 
development 

A6
Power 

generation

A7
Industry 

and mining 

A8
Fish-farming 
and fishing

A9
Water 
quality

A10
Ecological 

flow 

Fig. 6 Incomplete hierarchy with alternatives contributing to a single criterion

Table 3 Comparison matrix “Criteria vs. Goal” and criteria priority vector

Goal C1 (Economic) C2 (Environmental) C3 (Social) Priority vector (Vci)

C1 (Economic) 1 C12 C13 0.4454 Vc1
C2 (Environmental) C21 1 C23 0.3058 Vc2
C3 (Social) C31 C32 1 0.2488 Vc3

Ci criterion, Cij pairwise comparison judgments between criteria Ci and Cj, Vci criteria priority vector

Table 4 Comparison matrix “Alternatives vs. Economic Criteria” and alternatives priority vector

Economic criteria A5 A6 A7 A8 Priority vector (Vesi)

A5 1 A56 A57 A58 Ves5
A6 A65 1 A67 A68 Ves6
A7 A75 A76 1 A78 Ves7
A8 A85 A86 A87 1 Ves8

Ai alternatives, Aij pairwise comparison judgments between alternatives Ai and Aj, Vesi economic priority
vector

suitable criteria related to water allocation in the basin and their related priority vec-
tors (Vci). Table 4 presents the comparison matrix “Alternatives vs. Criteria” related
to the economic criterion (Eij) and its priority vector. The matrices “Alternatives vs.
Criteria” related to the social (Sij) and environmental (Aij) criteria were elaborated
in a comparable way. All the mathematical processes were accomplished employing
the Super Decision® software developed by the Creative Decisions Foundation [20];
the stages of consistency analysis and normalization of results were also calculated
with the support of the software. The consistency of the achieved solution must be
tested according to Saaty [63] by the following procedures: (a) initially the maximum
eigenvalue (λmax) is estimated through Eq. (1), where W is a normalized eigenvector
calculated by adding the columns of the comparison matrices and T is the sum of the
columns of the matrices, (b) the consistency index (CI) is calculated by Eq. (2), where
N represents the order of the matrix, (c) finally the consistency ratio (CR) is calculated
by Eq. (3), where CA is a the consistency index of a random matrix, introduced by
Garni et al. [25] and Lombardi et al. [40].
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λmax � T × W (1)

C I � (λmax − N )

(N − 1)
(2)

CR � C I

C A
. (3)

If the consistency ratio is less than 0.1 (CR<0.1) the judgments can be considered
consistent. Otherwise the decision-makers must re-evaluate the elements belonging
to the same hierarchical level. Thus, the results that presented a consistency index
higher than 0.1 had their respective interviewees excluded from the research. The
methods PairwiseComparison (frequently used in themulti-criteriamethodAnalytical
Hierarchy Process–AHP) and Incomplete Pairwise Comparison do not only have the
benefit of analyzing the consistency of judgments, but they are also recommended for
complex issues which involve high uncertainties and conflicts, and for groups with
divergent interests and controversial visions [2, 5].

In this case study, the judgments for the comparisonmatrices were obtained through
interviews, which were performed with actors of diverse sectors in the São Francisco
River Basin. The interviews included questions to support the “Criterion vs. Goal”
matrix, e.g. “Howmany times is the economic criterion ofwatermore or less important
than the social and environmental criterion for a more adequate water allocation in the
basin?”, and to support the “Alternatives vs. Criteria” matrices, e.g. “Howmany times
is domestic supplymore or less important than sanitation under the social viewpoint?”,
or “How many times is hydropower generation more or less important than irrigated
agriculture under the economic viewpoint?”. See further questions in Appendix 2. In
this way, comparison between criteria pairs and alternatives was made one by one,
employing the scale of Saaty [63], which uses integers between 9 (when the alternative
is extremely important in relation to the other) and 1 (when the alternative is equally
important to the other). In case of the alternative being less important the scale varies
from − 1 to − 9 (values<1). For more information see Saaty [63] and Liu et al. [39].

The group of interviewees in this exercise was formed by 47 volunteers, who were
recruited through announcements during sessions of the “I Scientific Conference of
the São Francisco River Basin” in 2016 in Petrolina (Pernambuco). The event was a
convenient moment to approach stakeholders from different parts of the river basin,
from different sectors/disciplines, and administrative levels, as well as governmental
and non-governmental organizations. A certain overlap of the participants with the
aforementioned group of 59 interviewees (Sect. 2.2.2) cannot be ruled out since the
questionnaire was administered anonymously at the conference. Due to high hetero-
geneity the AIP method was used and individual priorities were considered for each
stakeholder. That is, the procedure was conducted individually for each stakeholder,
obtaining in this way a different priority ranking for each decision-maker. Altuzarra
et al. [4] and Saaty [65] suggest that the final result of priorities should be calculated
using the geometric average, as it offers an effective way of aggregating the judg-
ments of people with different perspectives. However, the geometric average is not
appropriate to represent general priorities for incomplete hierarchy; thus, in this case
the arithmetical average was applied [55]. The same supra-decision-maker decided
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over the aggregation of single results to group decisions and there was no weighting
established among the interviewees.

2.3.1 Climate models and projection of climate change

Climate change is affecting water balance and water demand. Montenegro and Ragab
[44] highlight that these changes require new management strategies and risk miti-
gation in water resources management. In regions with low and/or poor distribution
of precipitation these changes bring negative effects upon the many uses [36] and
hydropower generation is one of the directly affected activities. The Intergovernmen-
tal Panel on Climate Change (IPCC) presents climate change projections and carbon
emission pathways—Representative Concentration Pathways (RCPs). The RCPs are
based on projections of the global economic activity, energy sources used, popula-
tion growth and other socio-economic factors until 2100 [76], and serve as an input
for the existing global climate models [69]. Four RCPs were published by the IPC-
C—RCP2.6, RCP4.4, RCP6.0 and RCP8.5—which go, respectively, from the most
optimistic situation to themost pessimistic. This paper has selected two projections for
the simulation of scenarios, namely RCP2.6 and RCP8.5. The former presupposes that
through a severe political intervention greenhouse gas emissions are reduced almost
immediately, leading to a slight reduction compared to current levels by 2100 [79].
RCP8.5 assumes continuous population growth and slow technological development,
which results in elevated emissions of carbon dioxide [59].

Results of the global climate model MIROC (Model for Interdisciplinary Research
on Climate) for RCP2.6 were used in this study to develop the five scenarios of Set
A (see Sect. 2.3.2). The results of the global climate model HadGEM for RCP8.5
were used to define the scenarios of set B, except for the scenario called “Drought”.
The water management in the drought scenario presents an adaptation to periods of
prolonged drought as experienced between 2012 and 2017. This type of climatolog-
ical conditions is more or less normal under Set A (dry scenario). Therefore a water
management as realized over the last years was tested in Set A. This option was not
implemented for Set B, since such extreme/prolonged droughts do not occur in this
set of scenarios. Although RCP2.6 is the lowest emission scenario, the MIROCmodel
suggests strong droughts in the São Francisco River Basin, with MIROC for RCP8.5
giving only somewhat lesser droughts. RCP8.5 simulated with HadGEM projects a
rather wet future events, with HadGEM for RCP2.6 giving comparable results. Cli-
mate scenario data of the Coupled Model Intercomparison Project Phase 5 (CMIP5)
were used as global climate projections, statistically downscaled and correcting bias
for the river basin [30].

2.3.2 Water management scenarios

The scenarios are developed in order to present and compare effects of different pri-
ority settings for minimum discharges and reservoir management. Each scenario is an
extreme in terms of clearly prioritizing one specific use or feature. Hereinafter a brief
thematic description of the simulated scenarios is given, while the modeled minimum
flows at specific control points are to be found in Table 5.
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Table 5 Definition of control points, minimum flows and discharges along the São Francisco River

Control points Scenarios Minimal flow (m3/s)

Hydropower Irrigation/supply Drought Navigation Ecosystem

Pirapora I 80 80 80 500 420

Pirapora–São
Romão

II 150 100 100 500 420

São
Romão–Jaíba

III 200 150 150 500 420

Jaíba (Matias
Cardoso)

IV 315 315 315 500 420

Jaíba–Sobradinho V 400 350 350 500 420

Sub-Middle
São
Francisco
(Sobradinho-
Xingó)

VI 1100 900 700 1300 Environmental
flow (AIHA)

Lower São
Francisco
(downstream
Xingó)

VII 1100 900 700 1300 Environmental
flow (AIHA)

Main reservoirs Discharges (m3/s)

Três Marias 500 500 200 500 500

Sobradinho 1300 1300 700 1300 Environmental flow (AIHA)

Itaparica 1300 1300 700 1300 Environmental flow (AIHA)

Sources: [42, 50, 53]

“Hydropower” scenario The first scenario, “Hydropower”, mirrors the business as
usual from the viewpoint of the hydropower companies and the electricity sector,
which aim at maximizing hydroelectricity generation within a national grid system.
In this scenario minimum flows presented by ONS [50] for all the control points were
used. The users will only be able to withdraw water from the São Francisco River
when flows remain above the mentioned minimum flows at each control point.

“Irrigation/supply” scenario The “Irrigation/supply” scenario puts the needs ofwater
users on top of priorities. While the reservoir management reflects the business as
usual, i.e. is focusing on hydropower generation, the minimum flows for water users
are lowered (see Table 5), enabling water withdrawals even at low water levels. This
means, e.g., that the large irrigation projects in the Sub-Middle São Francisco (see
Fig. 1) can withdraw more water leading to reduced inflow to the Itaparica Reservoir.

“Drought” scenario The “Drought” scenario is a special case since it is not prioritiz-
ing a specific user group, but analyzing the effects of an adapted water management
to prolonged dry periods that might repeat more often in the future due to climate
change.
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“Navigation” scenario ONS [50] and PBHSF [17] define procedures and minimum
flows to meet the navigation requirements in some sections of the São Francisco
River, and emphasize the importance of navigation in many sections of the river’s
main course. In the city of Pirapora (Minas Gerais) at the Upper São Francisco the
minimum flow for navigation of the riverside population in regular rainy years should
be 100 m3/s. In the section between the cities of Pirapora and Juazeiro (Bahia) in
the Middle São Francisco, navigation can be hampered by the possibility of stranding
of vessels [50]. Therefore in an agreement between CODEVASF9 and CEMIG, the
flow downstream of Três Marias Reservoir should be at least 500 m3/s, promoting
adequate depth for vessels in these sections. Downstream of the Sobradinho Reservoir
the minimum flow which should be maintained not to cause damage to activities is
1300 m3/s [50]. Based on these pre-established limits, the “Navigation” scenario was
simulated with the primary purpose of supporting navigation in the river, that is, other
users will only be able to withdraw water from the river if the flows are above the
minimum limit in the control points shown in Table 5 and represented in Fig. 1.

“Ecosystem” scenario A study in the Lower course of the São Francisco River [42]
emphasized that (a) the loss in fish diversity reached approximately 50%, i.e., species
which in the pastwere very important for fishing activities are currently rare; (b) aquatic
habitats were severely altered with the silting up of the river; and (c) the alterations in
the fish population are probably due to a combination of factors which include control
and regularization of flows. According to Medeiros et al. [42] there must be, in a long
term, a restoration of the natural conditions of the river for the maintenance of the
ecosystem. Therefore the “Ecosystem” scenario adopts minimum flows to support the
riverine ecosystem (Table 5).

2.4 Hydrological model

The climate projection data are used to drive the eco-hydrological model SWIM (Soil
and Water Integrated Model, introduced by Krysanova et al. [38]) under scenario
conditions. SWIM calculates hydrological processes, natural vegetation, water allo-
cation, e.g. for irrigation and domestic supply, and reservoir management, including
hydropower generation, at the river basin scale on a daily time-step.

The reservoir module is a conceptual representation of storage-release processes
based on three management options, to which the reservoirs are assigned according to
their operation policy: (1) the objective is the minimum discharge downstream, con-
sidering the minimum and maximum volumes of the given reservoir for each month;
(2) daily release based on hydropower generation demand, considering the minimum
and maximum volumes of the given reservoir for each month; other restrictions can
be included by introducing for example daily minimum or maximum discharges; (3)
daily release based on the water level of the reservoir. For the large reservoirs included
in the study option (2) was applied.

The water allocation module (WAM) of SWIM was applied to allocate water to
users. The WAM allows assigning minimum flow requirements at the withdrawal

9 CODEFASF—Development Company of the São Francisco Valley.
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Fig. 7 Relations between major actor groups of the electricity sector in the São Francisco River Basin (rich
picture)

point, and takes efficiency and losses of the water transfer into account. The WAM
allows withdrawing the water required by the user, if the assigned minimum flow
conditions in the reach are ensured, i.e. only water volumes above the minimum flow
can be withdrawn. The simulation results for the given scenarios obtained by applying
SWIM are used as input for the MCDA.

3 Results

3.1 Objective structuring

The main actors in the basin who are directly connected with the electricity sector
(Fig. 7) are linked to water allocation (and hence, CBHSF, the watershed committee,
appears in a central position), since hydroelectricity was the main source for elec-
tricity before the onset of the multi-year drought (Fig. 2). Table 6 shows the reasons,
main conflicts, possible solutions and actors involved in the problems that are directly
related to the electricity sector in the São Francisco River Basin. The relevant actors
identified in the systemwere: Federal Government (through theMinistry ofMines and
Energy—MME) and Energy Research Company —EPE, CBHSF, water and energy
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regulatory agencies (ANA,ANEEL10 andONS), energy companies, user sectors (agri-
cultural, domestic, animal and industrial supply; navigation; fish farming and fishing;
amongst others), environmental institutions and the civil society (including NGOs and
Universities). Many other actors on a local level are also involved in the process, such
as state committees of tributary river basins, cooperatives, and state water agencies.
However, the main decision-makers who could more directly influence, benefit and/or
make use of the multi-criteria model are represented in Fig. 7.

According to the SSM analysis results, which diagnosed the problem context, it
becomes clear that there is a growing crisis in the electricity sector in the basin, high-
lighting the lack of electricity diversification (high water dependency of the electricity
sector and necessity to invest in other energy sources); the sequence of long periods of
drought; variability andunpredictability of levels andflows in the river and in reservoirs
(experienced by the “other sector water users”); necessity of improving the efficiency
of hydropower generation (i.e. reducing losses in the generation process); deficiencies
in water governance (for instance incompatibilities between water and energy plans
and failure in the communication between user sectors and administration levels).

To integrate the findings of the problem structuring, the key definitions of the system
under discussion have been developed according to the CATWOE analysis (Table 7).
The resulting objective of themulti-criteriamodeling is: developing a decision-support
model for the São Francisco River Basin in the field of sustainable energy develop-
ment, to be managed by regulatory agencies and basin committees, in cooperation
with the electric companies. This includes searching for alternatives aiming for the
harmonization between electricity generation and the water crisis, in order to reduce
conflicts, guarantee electricity supply and identify a portfolio of investment options
in sustainable electricity sources which positively impact in the regional electricity
matrix.

3.2 Criteria selection

In the literature review, a total of 28 sub-criteria were selected according to the stages
presented in Fig. 5. Seven of them are technical, eight economic, eight environmental
and five social (see Appendix 1). Table 8 presents the three most relevant sub-criteria,
according to the stakeholders, for each group of criteria defined according to the
method of Borda. Some sub-criteria that presented similar characteristics were com-
bined, as suggested by interviewees, to avoid redundancy. For example, the economic
sub-criteria about the release of water from reservoirs (Table 8) to meet demands for
navigation, electricity generation and agriculture were merged since they both deal
with the conflicts between water users (further details in Appendix 1, sub-criteria S12
and S13).

10 ANEEL—National Electric Power Agency.
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Table 7 Key definitions of the electricity system in the São Francisco River Basin (CATWOE)

Customers Civil society, electric companies, crop farmers, fish farmers and fishermen,
industrial sector, public water supply companies (including sanitation),
livestock farmers, riverside communities, tourism and leisure sector, and
environment

Actors Federal government, regulatory agencies, electric companies, and river
basin committees

Transformation process To reduce conflicts over water use and reservoir management: guarantee
future electricity supply, improve the coexistence of the electric sector
with water scarcity, stimulate the use of renewable energy sources
(mainly wind, solar and biomass), reduce the dependency of the
electricity matrix on hydraulic sources, secure the ecological flow

Worldview The harmonization between electricity generation and the water crisis is
possible. This is related to the concept of sustainable energy systems,
which considers economic, social, technical and environmental factors

Owner River basin committee, electricity companies and regulatory agencies
(including environmental institutions)

Environmental constraints Budget constraints, energy consumer market, climate variability, political
will, public acceptance of new sources of electricity generation and
technological maturity

3.2.1 Hierarchic modeling (incomplete pairwise comparison—ICP)

Deciding on the most appropriate scenarios in considering the demands of consuming
and non-consuming water users is a very difficult task, since the decision of water
importance and priorities must also be agreed on by the many actors. Merely a quanti-
tative analysis of water availability for each sector would be too simplistic if it does not
take into consideration the opinion of stakeholders involved in the process. Therefore,
research was carried out considering 47 participants: 12.8% from Upper São Fran-
cisco, 10.6% from Middle, 25.5% from Sub-Middle, 6.4% from Lower and 48.9%
acting in more than one physiographic region. 41.3% of interviewees were female,
pointing out a certain equilibrium between genders. Most of the interviewees (32%)
were members of institutions, universities, committees and NGOs, followed by the
hydropower and agricultural sector. Based on the hierarchic framework presented in
Fig. 5 for the IPC method and after the consistency analysis stage, 38 interviews pre-
sented consistent answers (CR<0.1). Results indicated that interviewees consider the
economic aspect as primary in the process of water allocation, followed by the social
and environmental criteria.

In accordance with the results shown in Table 9, the interviewees prioritized the
availability of water for crop and livestock farming, since they are the sectors of high-
est importance for the economic development of the basin, followed by electricity
generation (hydropower production). Water quality was ranked first for the mainte-
nance of healthy ecosystems. According to the social functions that water performs
in the basin, the interviewees elected access to safe drinking water, followed by water
for cultivation of subsistence crops (food security), as the most important aspects for
social equity (Table 10).
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Table 8 Primary sub-criteria according to the perspectives of stakeholders

Criterion/sub-criterion Description

Technical

Energy efficiency Ratio, expressed in percentage, of the quantity of useful
energy that can be obtained from an energy source

Production capacity Quantity of electricity produced by a source throughout
a time period, divided by the electricity quantity
which it could have produced if it was used in full
power during this period

Technological maturity The parameter of technical maturity reflects the level of
a determined technology being locally and
internationally disseminated and commercially
available. It is a sub-criterion with qualitative
evaluation scale

Economic

Investment cost The components of investment cost are the purchase of
mechanical equipment, technological installations,
road construction, engineering services, land cost,
and other necessary construction works

Operation and maintenance cost (O&M) Operation and maintenance costs are divided in two
sub-categories: fixed and variable. The former are the
costs of operation and maintenance per year, which
are not related with the quantity of electricity
generated by the plant. The latter are directly related
to the amount of electricity generated

Timing and magnitudes of reservoir releases It highlights the importance of the minimum flow for
the transport of products such as soy, corn and cotton
(navigation) and to meet the economic activities of
agriculture, industry, fish farming and domestic water
supply, among others, opposed to release rules
optimizing hydroelectricity generation. It is
calculated considering the minimum flow required for
these activities in a determined period, based on the
flows defined by “Inventories of hydraulic operative
restrictions of hydroelectric improvements” [50]

Environmental

Impacts on the ecosystem This sub-criterion is related to water use conflicts
between the electricity sector and the ecosystem. It is
calculated based on the demand percentage which
considers the minimum flows defined by ONS (2016)
and AIHA [42, 53] for the protection of fish
population downstream of the reservoirs

Land use and occupation of soils Land use represents one of the most critical factors for
the plants’ location, mostly where human activities
are relevant factors and cause environmental
pressures. This sub-criterion considers the m2 of
occupation per kW of electricity generated

CO2 emission It contributes to the greenhouse effect and climate
change, threatening human and ecosystem health.
The sub-criterion analyzes CO2 by kg emitted per
kWh of electricity generated
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Table 8 continued

Criterion/sub-criterion Description

Social

Public acceptance Public acceptance expresses the population opinions
related to the electricity systems. It must be noted that
social acceptance is not directly measured and
therefore requires qualitative analysis

Job creation In the process of decision-making the creation of jobs
during the implementation of electricity systems are
indispensable. This sub-criterion can be quantified by
the number of jobs created per unit of electricity
generated

Fatalities It exposes the level in which a determined technology
results in human lives lost. It is measured
quantitatively indicating the normalized number of
fatal accidents in power plants, both in the
establishment stage and during operations, in specific
time periods

Table 9 Final ranking of criteria

Criteria D1 D2 D3 ··· D38 Final priority

Economical 0.6483 1° 0.2500 2° 0.4286 1° 0.2500 2° 0.4454 1°

Environmental 0.1221 3° 0.2500 3° 0.1428 3° 0.2500 3° 0.2488 3°

Social 0.2296 2° 0.5000 1° 0.4286 2° 0.5000 1° 0.3058 2°

Di decision-makers, Final priority arithmetic mean of the 38 of decision makers answers

3.3 Simulated scenarios

3.3.1 Set A: under a severe climate change projection

Hydropower generation Under the hydrologic conditions observed before the pro-
longed drought starting in 2012, the average annual hydropower generation in the
river basin was 45,000 GWh. According to ONS [50] there was a decrease in the
annual average between 2012 and 2016 of approximately 57%. The simulations of
hydropower generation in Set A present very similar results in all the scenarios in
the period from 2021 to 2050 (Appendix 3). Climate model MIROC presents high
climate variability with a predominance of dry years which is compatible with the
current situation of the river basin. It suggests the occurrence of very wet years
(upwardpeaks), and evenmoreverydryyears (downwardpeaks) (Appendix3).Annual
average hydropower generation in the simulated period in the “Hydropower”, “Irriga-
tion/supply” and “Navigation” scenarios is around 2950 MW (25,840 GWh/year). In
the scenario aiming at supplying the environmental minimum flow the annual average
generation is around 3000 MW (26,280 GWh/year), while in the “Drought” scenario
the average is 2800 MW (24,528 GWh/year).
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Fig. 8 Percentage of water demand meeting (2021–2050) for 29 major water users that withdraw water
from the São Francisco main river from different sectors in the “Hydropower”, “Ecosystem” and “Drought”
scenarios—Set A

During the year 2016 the observed annual electricity averages were around
2517 MW (20,049 GWh/year) [51]. Low rainfall indices towards the end of 2012
lowered hydropower generation, leading to a significant rise in electricity generation
via thermal primary resources [46]. This reinforced the tendency of hydropower gen-
eration getting gradually much lower than in the previous decade, making aware of
the necessity of a stronger diversification of the electrical matrix in NE and of higher
investment in renewable resources.

Water demand for irrigation and domestic supply When analyzing the withdrawals
andwater availability for themany users in the São Francisco River Basin, the different
scenarios assume distinct configurations. Even though the watershed management
plan [17] highlights that 76% of the granted flow in the basin is for agriculture and
that there was a 136% rise in irrigated areas between 2004 and 2013 (pointing to a
rising tendency in the future demand) the flow demand considered in the model in
the simulated period (2021–2050) was kept constant and equal to the current one.
Therefore, the real situation may even be more critical.

In the “Drought” scenario the low discharge in Três Marias Reservoir is kept con-
stant both in rainy and dry periods (Fig. 8). That is, in rainy periods the reservoir
accumulates more water and thus in drier periods it can maintain a regular flow of
200 m3/s. The compliance to legal restrictions for water withdrawal by users in this
scenario was relaxed to allow the use of water even with low levels and low discharges
of reservoirs. Figure 8 shows that along almost the entire river basin agriculture,
domestic supply, fishing and industry sectors are met in more than 90% of cases, and
downstream Xingó (users 27–29) the percentage drops to 70%. The “Hydropower”
scenario presents low values for downstream Xingó users (around 40%), confirming
conflicts mentioned by Silva [68] and CBHSF [17].

The “Irrigation/supply” scenario (Fig. 9) presents percentages above 60% along
the entire basin. In the “Ecosystem” and “Navigation” scenarios, the sections down-
stream the Sobradinho Reservoir (users 8–19) and Xingó present results below 20%
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Fig. 9 Percentage of meeting the water demand (2021–2050) for 29 major water users that withdraw water
from the São Francisco main river from different sectors in the “Navigation” and “Irrigation/supply” sce-
narios—Set A

in meeting the demand, causing major damages or losses—mostly in irrigated agricul-
ture. Silva [68] and CBHSF [17] highlight conflicts in this region in the agricultural
sector, domestic water supply and fishing activities due to alterations in the river levels
downstream Xingó. Among the 29 users distributed along the São Francisco River,
the sub-groups 17a and 20a would not receive even 10% of their flow demand in any
of the simulated scenarios. These sub-groups are ramifications of groups 17 and 20
which are, respectively, the north and east water diversion axes of the São Francisco
River into other watersheds northwards. According to ANA [8] the projected demand
for both axes, at any time, to meet only domestic and animal consumption (demand
of groups 17 and 20) would be 26.4 m3/s (minimum flow). The withdrawal of a daily
maximum flow of 114.30 m3/s (sub-groups 17a and 20a) would be allowed for meet-
ing demand of other uses, depending on the Sobradinho Reservoir level. Therefore,
domestic and livestock supply (group 17) along the northern axis would have a better
guarantee of supply in the “extreme” scenario (93%). In the eastern axis (group 20) all
scenarios ensure a supplying percentage above 95%. However, supplying other users
(group 17a and 20a) in both axes and in all simulated scenarios remains between 2
and 6%.

Navigation and ecosystem demand To analyze the minimal water levels (Table 5)
for navigability and the ecosystem of the São Francisco River in all scenarios during
the simulated period (2021–2050), four representative hydrological stations—one in
each physiographic region of São Francisco Basin—were taken as references: São
Romão (Upper), Manga (Middle), Juazeiro (Sub-Middle) and Propriá (Lower). For
each hydrological station the number ofmonths inwhich theminimal flowwas reached
or surpassed was quantified (Table 11). São Romão and Manga are located between
control points I and V (minimal flow of 500 m3/s for navigation and of 420 m3/s for
ecosystem) and Juazeiro and Propriá downstream of control point VI (minimal flow
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Table 11 Months in which Qmin
(m3/s) for navigation and
ecosystem are reached or
surpassed (max. 360 months)
according to the simulated
scenarios

Scenarios São Romão Manga Juazeiro Propriá

Navi Eco Navi Eco Navi Eco Navi Eco

Hydropower 260 301 261 300 173 62 93 62

Irrigation/supply 260 301 261 300 173 62 93 62

Drought 305 332 302 333 117 31 43 42

Navigation 262 303 267 309 173 62 95 64

Ecosystem 262 303 264 303 174 62 99 66
Navi navigation, Eco ecosystem

of 1300 m3/s for navigation and the environmental hydrograph from Project AIHA
for “Ecosystem”; see Fig. 1 and Table 5).

Even in the “Navigation” scenario, in which the minimum flows are increased to
support navigability, no significant differences can be observed in relation to the other
scenarios, aside from the “Drought” scenario. For example, at the São Romão station,
after all user demands are met (“Irrigation/supply” scenario), 260 months out of a total
of 360 would still meet the navigation demand, whilst in the “Navigation” scenario
there would be an increase in meeting the needs of only 2 months (262 months). In the
“Drought” scenario the São Romão and Manga stations would provide a better supply
index, while Juazeiro and Propriá stations would provide a worse index. Ramina [57]
points out that the section downstream of Sobradinho faces difficulties in staying nav-
igable. Therefore the “Drought” scenario would be the most problematic as it presents
a lower index of meeting demands in the Sub-Middle and Lower São Francisco. The
needs for ecosystems present similar tendencies as navigation, with similar values
among scenarios and hydrological stations (Table 11).

3.3.2 Set B: under a moderate climate change projection

Hydropower generation The Set B presents little differences among the scenarios
(Appendix 4), as it is a scenario with abundance of water. The global climatological
model HadGEM is a model which presents much more humid results in the Upper São
Francisco and drier results in the Lower São Francisco. Overall, this prospect is more
optimistic than Set A. The monthly averages for hydropower generation in the main
São Francisco reservoirs in the simulated scenarios vary between 5080 to 5140 MW
(44,026 to 45,500 GWh/year), reproducing a situation similar to the period before
2013, that is, before the recent years of drought which have struck the region.

Water demand for domestic supply and irrigation The Set B simulations (Fig. 10)
present “better” results than those of Set A (Fig. 9) in regard to meeting the water
demands. The “Ecosystem” scenario downstream of Sobradinho and Xingó presents a
prospect three times more positive than in Set A, that is, the monthly average percent-
ages of reaching the desired water levels are threefold. The “Hydropower” scenario
achieves percentages above 80% along the entire river basin, except for the demand of
the north and east axes of the São Francisco River water diversion to meet group users
17a and 20a. Similarly, the “Navigation” scenario matches the demand downstream of
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Fig. 10 “Hydropower” and “Ecosystem” scenarios: percentages of meeting the water level demands
(2021–2050)—Set B
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Fig. 11 “Navigation” and “Irrigation/supply” scenarios: meeting their water demands according to monthly
average percentages (2021–2050)—Set B

Sobradinho and triples it downstream of Xingó (Fig. 11). The “Irrigation/supply” sce-
nario presents improved results when compared to Set A; it meets water demands on
average above 90% along the entire river. In the “Ecosystem” scenario the percentages
also present results that are much more positive than in Set A, mainly downstream of
Xingó, with percentages around 50%.

Navigation and ecosystem demand The same methodology applied in Set A was
used to analyze the number of months in which the discharges met the demands of
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Table 12 Months in which Qmin
(m3/s) for navigation and
ecosystem are reached or
surpassed (max. 360 months)

Scenarios São Romão Manga Juazeiro Propria

Navi Eco Navi Eco Navi Eco Navi Eco

Hydropower 321 335 328 340 323 229 294 220

Irrigation/supply 321 335 328 340 323 229 294 220

Navigation 322 336 330 342 324 230 294 221

Ecosystem 322 336 330 340 324 230 298 221
Navi navigation, Eco ecosystem

navigation and ecosystem in Set B. The results of the scenarios were similar for both
navigation and ecosystem purposes (Table 12).

4 Discussion, conclusion and recommendations

4.1 Hydropower’s role in the electricity mix under climate change

Comparing the results presented in this paper for hydropower generation between 2021
and 2050 and the studies of supply and demand expansion of the National Energy Plan
2030 [46], a reconfiguration in the NE electrical matrix in the near future becomes
necessary. The National Energy Plan 2030, in fact, does not decisively address the
interference of climate change on hydropower generation and the increasing water
demand of other water users nor includes ecological flow requirements. Besides, for
the study of the expansion of future offers, it endorses economic criteria that give
priority to sources which minimize operation and investment costs.

The water supply to users in the river basin shows a possible rise in conflicts
mainly for the agriculture sector and for domestic supply in the simulated “Ecosystem”
and “Navigation” scenarios in Set A (the driest projections). Both scenarios propose
more restrictions on water withdrawals from the river, and downstream of Sobradinho
and Xingó Reservoirs present the lowest percentages in meeting the water demands,
compared to the other scenarios. In addition, these scenarios do not present significant
gains in the supply index for navigation activities, ecosystem health or hydropower
generation, and behave similarly to other scenarios. These scenarios contradict the
results of the interviews performed through the IPC method, which highlight the
important role of agricultural activities and domestic water supply for the economic
and socio-environmental development of the region. Between the “Hydropower” and
“Irrigation/supply” scenarios, the latter showsmore regularity in meeting the demands
of the water-consuming users, satisfying at least 60% of demand along the river,
including the most critical point downstream of Xingó.

The needs for navigation activities and ecosystem have both similar results in all the
scenarios and do not present large gains, also for the “Navigation” and “Ecosystem”
scenarios which prioritize these sectors. The “Drought” scenario would meet around
90% of the users’ demand along the river and 70% downstream of Xingó. This would
be the scenario with the lowest generation of hydropower and it presents better results
for navigability and ecosystem supply in the Upper and Middle São Francisco and a
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lower supply in the Sub-Middle and Lower São Francisco. Despite the fact that this
scenario presents more positive results regarding the needs of the water-consuming
users, it considers adaptations to allow users to withdraw water from the river even
with low levels of, and discharge from reservoirs. Therefore, the index of supply in this
scenario could not be compared to the others. In conclusion, the “Drought” scenario
simulation indicates that it would be possible to adapt the system (e.g., management
of reservoirs, legal restrictions of grants and demands) to extreme drought conditions.

In general terms, the results of the “Irrigation/supply” scenario present river flows
very similar to those experienced today (Table 5). The scenario adopts values of min-
imal flows already adapted to the current hydrological conditions and guarantees the
supply of at least 60% of the water demand in the most critical section, i.e. down-
stream of Xingó (Fig. 10). In addition, it prioritizes the need of activities designated
by interviewees as the most important for the economic and socio-environmental
development of the basin. The “Hydropower” scenario output in terms of meeting
the other water users’ demands was the worst. The scenario “Drought”, for instance,
performed much better in this sense. On the other hand, the scenarios showed little
differentiation regarding the potential hydropower generation. Even the scenario pri-
oritizing it (“Hydropower”), was not significantly different from the others’ projected
capacity.

Within both sets, except for the “Drought” scenario in Set A, the results for
hydropower generation are very similar. This is explained by the reservoir manage-
ment targeting at a certain yield for hydropower generation. In case the inflows and
reservoir volumes are somewhat higher or lower, e.g. due to changed inflow caused
by different minimum flow settings upstream, the reservoirs are discharging some-
what higher, or lower, respectively, volumes to deliver the targeted electricity. This
is only seen in changed reservoir volumes for the different scenarios within each set.
The differences between the scenarios therefore are much more clearly visible in the
results for water users, where different minimum flows are applied. Also differences
for reaching or surpassing minimum flows (Table 11), except for the “Drought” sce-
nario in Set A, are not strongly diverging. In the simulations, water withdrawing is
allowed, if the assigned minimum flow condition in the river stretch is ensured, i.e.
only water volumes above the minimum flow can be withdrawn. Therefore, only in
case the river flow is close to the set minimum flow the latter will affect the quantities
of water withdrawn.

Analyzing the electricity balance of the NE in more detail, the installed capacity
of hydropower plants is currently approximately 11,975 MW [51]. According to the
physical guarantee11 factor, calculated based on ONS data [49], the hydropower gen-
eration ensured in 2030 should be approximately 6700 MW (58,700 GWh/year). The
National Energy Plan 2030 considers an increase of around 5% in the offer until 2030.
However, when considering the “Irrigation/supply” scenario for the planning of the
future electricity matrix in the NE, a reduction of approximately 58% in water supply
is noted in scenarios of Set A, compared to what provided in the plan, and 27% for
Set B scenarios. The mentioned plan also anticipates an increase of 35% for other

11 Physical guarantee—corresponds to the maximum energy which can be provided according to a given
criterion of security. The factors of physical guarantee were calculated based on the installed capacity and
insured energy supplied by the ANEEL information database of generation [9].
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renewable sources, 85% for biomass and 90% for fossil fuels [45]. The percentages
presented in the National Energy Plan 2030 are very modest considering the high
potential for wind and solar generation that the region presents, the 10-years Energy
Plan 2024 which already anticipates an increase of approximately 10% per year for
wind power [46], and the positive provisions for encouraging photovoltaic projects in
Brazil, according to EPE and the Brazilian Association of Photovoltaic Energy.

In 2016 the annual average electricity demand in the NE region was approximately
12,000 MW [51]. Considering the economic and energy assumptions as well as the
macroeconomic and demographic scenarios from 2013 to 2050, demand is expected
to rise of 3.1% per year at the national level [47]. Therefore, according to Table 10, the
“Irrigation/supply” scenario of both simulated Sets (A and B) shows a deficit in the
balance of electricity supply and demand in 2030, which is also the current situation
in the NE. Thus the region would still need to import electrical energy from other
sub-systems in Brazil.

Considering the different electricity balances presented in Table 13 for 2030, mas-
sive investments are recommended—based on the expansion potential of the region
presented in theNational EnergyPlan 2030 and in theDecennial EnergyPlan 2024—in
other renewable sources, biomass and fossil fuels to fulfill the expansion plan of the
offer until 2050. The simulated sets and scenarios of low water availability show a
strong tendency towards reduction of hydropower generation offer in the river basin.
It alerts on the necessity of adaptations to the effects of climate change. Moreover, the
NE is more vulnerable to blackouts, as it is very dependent on other regions through
interconnections by transmission lines. Reduction of hydropower is recommended in
the basin over the years, thereby reducing its high dependency on water resources
along with conflicts due to the management of reservoirs primarily for the electrical
sector. Another important point is to invest in increasing the efficiency of irrigated
agriculture, avoiding waste in water use and electricity. To support electricity plan-
ning of the region until 2050, the necessity of a multi-criteria analysis is confirmed
by the multi-disciplinary nature of the decisions. The “Irrigation/supply” scenario of
Sets A and B is recommended to guide the formulation of alternatives based on the
predicted hydropower generation, which involve different possibilities to increase the
offer of wind, solar, biomass and fossil fuel sources analyzed according to criteria and
sub-criteria which involve the indicators highlighted by the actors and stakeholders in
Table 8.

4.2 MCDA in the decision-making process

A major critique of MCDA applications is the often too vague or insufficient elabora-
tion of its objectives [18]. Our study provides an example of how this can be remedied
through a careful andwell-documented approach. In total, in our analysis, there are four
criteria: technical, economic, social and environmental, and 28 sub-criteria. Among
these 28 sub-criteria, 12 were highlighted as particularly relevant through surveys. It
was noted that the sub-criteria mentioned as relevant by interviewees have also been
frequently used and quoted in the literature (see Appendix 1).
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This study established entry points for the MCDA evaluation phase (see Fig. 3).
The SSM methodology for problem structuring proposed by Coelho et al. [19] and
Neves et al. [48] includes the creation of a conceptual model presenting the necessary
activities with the purpose of achieving the expected goals, i.e. it allows the com-
parison of the model with real data so that the differences which may arise become
changing points and solutions, and also the definition of actions to improve the prob-
lem framework. With regard to the problem structuring phase, the SWIM model was
used for hydro-ecological modeling in order to predict different scenarios considering
several water withdrawal priorities in the São Francisco River. The methodology used
for the selection of criteria was adapted from Cloquell-Ballester et al. [16] as well
as interviews using multi-criteria Borda’s method [3, 49] and Incomplete Pairwise
Comparison [28]. These stages will be included in the upcoming process of MCDA
modeling (evaluation phase), which will be resolved comparing the scenarios’ scores,
selection of the MCDA method, normalization, weighting and then concluded with
the trade-off analysis in order to rank the suitable alternatives to reduce conflicts and
identify options for sustainable electricity sources.

MCDA is often considered as a highly subjective analysis; therefore, this paper
focusses on a detailed description and justification of the adopted methods in order to
keep up a high degree of transparency of its application. Nevertheless, it is noteworthy
to state the limitations of the chosen set of methods. Overall, the participation of
stakeholders was limited to few stages in the analysis, which might have caused a lack
of involvement of the affected communities and their interests in this specific decision-
making process. The process of interviewees’ selection followed an opportunistic,
rather than a transparent and systematic approach. Under these conditions, the sample
is unlikely to be representative. It would be very interesting to repeat and compare
with affected stakeholders who are professionally not linked at all to the energy sector.
Overall, more frequent visits to the case study region and more effective participation
of water users and stakeholders from the São Francisco River Basin would have been
desirable, even if this would have required more resources than those provided for
our study. Moreover, the data collection could have been done through workshops and
face-to-face meetings, so that the cultural, social, economic and political dimensions,
as well as the interviewees’ relationships with their environment, could have been
perceived in a clearer and more collaborative way. The conceptual scheme (Fig. 3)
elaborated in this phasewould have been evenmore efficient if workshopswere carried
out for this specific purpose.

The scenarios could not reflect basic pre-existing conditions of the basin such as
priority for domestic and animal water supply in times of scarcity. The consequence is
the lack of accuracy of themodel in distinguishing the real percentage inmeetingwater
demand for each sector within the “Irrigation/supply” scenario (agricultural, domestic
and animal supply). The model mainly considers the priority in supplying water to the
users located upstream of the river. Therefore, adding a priority system parameter in
the scenario simulation could contribute to the discussion about the reformulation of
the permit granting system in the basin.

The present paper offers systematic means to the basin committees and the govern-
ments to address the climate change concerns in thewater basin plans and the electrical
planning. Such concerns have not been properly debated and considered in these plans
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yet. The scenarios simulated the hydropower generation and the water users’ supply.
These can be used, for example, to analyze water allocation for various users in the
basin to reduce the conflicts of use. In addition, they can be used to estimate, consid-
ering the climatological aspect, the contribution of hydropower, in addition to future
sources of solar, wind and thermal in planning the new configurations of the future
regional composition of electricity sources.

For future applications of the MCDA, it is recommended to use a detailed mapping
for the selection of stakeholders, contemplating a systemic process to collect and ana-
lyze information on the interests, objectives, and preferences of the stakeholders in a
transdisciplinary approach. Also, it is suggested to map the risks, needs and quantify
the degrees of power and influence of each stakeholder in the basin. As for the problem
structuring, the Constellation Analysis is another promising method, which was for
instance used to translate the challenges of the basin committees in the governance
of the water resources in the São Francisco River Basin [66]. Finally, for the sce-
narios’ design, it is recommended the development of scenarios that would disregard
the minimum limit of the operational discharge from the reservoirs for hydropower
generation, with the objective of analyzing the hydropower generation reduction in
the local energy matrix and its substitution by alternative sources. In this way, more
tangible differences could be foreseen in the results for hydropower generation.

4.3 Relevance of the study

The electricity sector in the São Francisco River Basin faces a crisis. The main issues
are the high dependence on the hydropower generation, the increasing conflicts over
the water use and the water scarcity due to the hydrological drought and prevailing
management practices. The simulated scenarios showed a strong tendency to reduce
the supply for hydropower generation in the coming years. Therefore, it is necessary to
restructure the current electricity production framework incorporating climate change,
the socio-environmental concerns, and the tools that aid decision-making into the elec-
tric supply expansion plans. A well-managed MCDA can facilitate this complex task.
Our study is exploratory insofar we have developed the prerequisites for a complete
MCDA and are aware of shortcomings, since a comprehensiveMCDA for the complex
situation under study would involve a much larger group of facilitators and stakehold-
ers. The prerequisites presented here (the structuring phase) will be further employed
in the evaluation phase of the MCDA. The final goal is a more resilient, reliable, and
environmentally and socially responsible electricity production sector.
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Criteria/sub-criteria References

Technical

S1 Energy efficiency [2, 5, 10, 13, 24, 32, 52, 72, 75]

S2 Availability factor [10, 22]

S3 Production capacity [10, 21, 72]

S4 Technological maturity [5, 11, 14, 17, 21, 24, 32, 71, 72, 75]

S5 Reliability [5, 10, 11, 21, 24, 32, 71, 75, 78]

S6 Dependence on external sources [17, 47, 59]

S7 Energy guaranteed [7, 50]

Economic

S8 Investment cost [2, 10, 20–22, 23, 25, 27, 32, 39, 53, 54, 72, 75]

S9 Operation and maintenance cost (O&M) [5, 9, 10, 14, 20, 21, 25, 32, 34, 53, 72, 75]

S10 Fuel cost [10, 32, 72, 75]

S11 Payback [21, 26, 32, 75]

S12 Electricity cost [2, 5, 32, 39, 51]

S13 Conflicts between electricity sector and
navigation

Criterion developed by the author

S14 Conflicts between electricity sector and
other users

Criterion developed by the author

S15 Equivalent annual cost [32, 75]

Environmental

S16 Impacts on the ecosystem [5, 21]

S17 CO2 emission [2, 5, 11, 17, 22, 32, 39, 59, 75, 78]

S18 NOx emission [5, 17, 22, 32, 39, 71, 75, 78]

S19 CO emission [5, 11, 22, 32, 75, 78]

S20 SO2 emission [17, 22, 32, 53, 71, 75, 78]

S21 Land use [2, 5, 11, 17, 25, 32, 59, 75, 78]

S22 Noise emission [25, 32, 59, 75]

S23 Solid and liquid wastes [17, 32, 72, 78]

Social

S24 Public acceptance [5, 17, 21, 32, 71, 72, 75, 78]

S25 Job creation [5, 13, 17, 25, 26, 32, 39, 73–75]

S26 Local income [32, 59]

S27 Fatalities [9, 21, 24, 32, 75]

S28 Visual impacts [10, 25]
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Appendices

Appendix 1: Criteria and sub-criteria selected according to Fig. 5

Appendix 2: Structuring a decision-making hierarchical process for water
allocation

Questionnaire A: Prioritization of criteria for efficient water allocation in the São
Francisco basin

1a: Howmany times is the ECONOMIC approach of watermore or less important than
the SOCIAL and ENVIRONMENTAL approach for a more adequate water allocation
in the São Francisco river basin?

2a: How many times is the SOCIAL approach of water more or less important than
the ENVIRONMENTAL for a more adequate water allocation in the São Francisco
river basin?

Questionnaire B: Prioritization of sub-criteria for efficient water allocation in the São
Francisco River basin

1b: How many times is WATER DOMESTIC SUPPLY more or less important than
WATERFORSANITATION, FOODSECURITY,RECREATIONANDTOURISTIC
ACTIVITIES under the SOCIAL viewpoint?

2b: How many times is WATER FOR SANITATION more or less important
than FOOD SECURITY, RECREATION AND TOURISTIC ACTIVITIES under the
SOCIAL viewpoint?

3b: How many times is FOOD SECURITY more or less important than RECRE-
ATION AND TOURISTIC ACTIVITIES under the SOCIAL viewpoint?

4b: How many times is AGRICULTURE AND LIVESTOCK DEVELOPMENT
more or less important than POWER GENERATION, INDUSTRY AND MINING
and FISH-FARMING AND FISHING under the ECONOMIC viewpoint?

5b: How many times is POWER GENERATION more or less important than
INDUSTRY AND MINING and FISH-FARMING AND FISHING under the ECO-
NOMIC viewpoint?

6b: How many times is INDUSTRY AND MINING more or less important than
FISH-FARMING AND FISHING under the ECONOMIC viewpoint?

7b: Howmany times is WATERQUALITYmore or less important than ECOLOG-
ICAL FLOW, under the ENVIRONMENTAL viewpoint?
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Appendix 3: Simulated hydropower generation in the São Francisco River Basin
(2021–2050) according to five scenarios—Set A (severe climate change projection)
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Appendix 4: Hydropower generation in the São Francisco River Basin (2021–2050)
according to four scenarios—Set B (moderate climate change projection)
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